Background The indications for microsurgical toe-to-hand transfers in congenital hand surgery have not been defined as clearly as for posttraumatic reconstruction of thumb and finger amputations. The purpose of this study was to develop simple guidelines for referral of children with congenital absent digits for consideration of microsurgical reconstruction with toe-to-hand transfers, based on the morphological or radiographic anatomy of the hand anomaly, not on embryological classifications. Methods From a consecutive series of 204 children referred with congenital absence of the thumb and fingers, 100 toe-tohand transfers were performed. The indications for microsurgical reconstruction of these children were analyzed retrospectively.
Introduction
Posttraumatic reconstruction of amputations of the thumb and multiple amputations of the fingers has become wellestablished, using either the great toe [5, 8] , the Morrison "wrap-around" flap [26] and "trimmed" toe [35, 38] variations of the great toe, the second toe [41] , simultaneous double second toes [9] , and combined second and third toe transfers [39] . Success rates of toe transfers for posttraumatic reconstruction of children's hands are comparable to adults [40] .
Conventional nonmicrosurgical reconstruction of congenital absent digits usually involves pollicization of the index finger for children born with hypoplastic or absent thumbs [4, 21] , nonvascularized toe phalangeal bone grafting [29] , and distraction lengthening [25] of hypoplastic digits due to symbrachydactyly, cleft hand, and congenital constriction ring syndrome. The first microsurgical toe transfer to reconstruct a congenital hand anomaly was performed by O'Brien et al. in 1977 who successfully transferred the great toe to reconstruct a hypoplastic thumb in two children [28] . May et al. [23] reported bilateral great toe-to-thumb transfers to reconstruct a 9-year-old boy with bilateral aplasia of his thumb, index, and middle fingers. Yoshimura [42] reported 33 pediatric toe transfers in 28 children, 2 of whom had congenital anomalies-one child had an absent thumb, index, and middle fingers and the second child had congenital constriction ring syndrome. After other case reports [24, 27] , several surgeons have reported larger series of microsurgical toe-to-hand transfers to reconstruct various congenital anomalies of the hand [3, 10-13, 15, 17-20, 30, 31, 36, 37] .
All these series have focused on the embryological types of congenital hand anomalies, the surgical techniques, and the results with respect to motion, sensibility, and growth; but very little has been published on the specific indications for microsurgical reconstruction of congenital absent digits. Most pediatricians and even some hand surgeons do not understand which children should be considered for microsurgical reconstruction. This study attempts to define the evolving indications for toe-to-hand transfers for children born with congenital absence of the thumb and fingers and provides guidelines for the referral of these children for consideration of microsurgical reconstruction, based simply on the morphological and radiographic anatomy of the hand anomaly itself and not on any embryological classification.
Materials and Methods
After institutional review board approval, analysis of 204 children born with congenital absent digits who had been referred to the senior author (NFJ) over the period 1995-2010 for either conventional or microsurgical reconstruction [16] identified 79 children who had been reconstructed with 100 consecutive toe transfers. The medical records, photographs, and radiographs of this cohort of children were analyzed retrospectively. Forty-one children were boys and 38 were girls with an age range from 2 to 14 years. The congenital anomalies had been classified embryologically as symbrachydactyly in 45 children, congenital constriction ring syndrome in 23 children, and transverse failure of formation in 8 children. No children born with congenitally deficient Blauth IVor V thumbs [1] were reconstructed with toe transfers in this series. Two children had congenital vascular malformations and one child developed gangrene of the remaining thumb after excision of Wassel type IV thumb polydactyly. Fortyone thumbs in 38 children and 59 fingers in 52 children were reconstructed. Eighty-five second toes, 13 great toes, and 1 combined second-third toe were transferred. Three children underwent bilateral reconstructions and 18 children underwent two toe transfers for reconstruction of an unilateral hand anomaly, either sequentially or simultaneously.
Results
Fifteen toe-to-thumb transfers (14 second toes and 1 great toe) were performed in 15 children born with four fingers but an absent thumb distal to the metacarpal base with an intact carpometacarpal joint and remnant of thenar muscles, due to congenital constriction ring syndrome or transverse failure. These transversely deficient thumbs are completely different from radial longitudinally hypoplastic Blauth type IV and V thumbs [1] . Twelve children underwent 15 toe-tothumb transfers (11 great toes and 4 second toes) for a congenital absent thumb and only one or two fingers remaining on the ulnar border of the hand, due to type III monodactylous symbrachydactyly, radial longitudinal deficiency, or congenital constriction ring syndrome. Eleven toe-to-thumb transfers (11 second toes) were performed in 11 children born with complete absence of all five digits due to type IV adactylous symbrachydactyly or transverse deficiency. Twenty-nine second toes and 12 great toes were transferred to reconstruct congenital absent thumbs.
Forty-one children born with a thumb but absence of all four fingers proximal to the proximal interphalangeal joints, due to type III monodactylous symbrachydactyly, transverse The congenital constriction ring syndrome also caused an above knee amputation of the left lower extremity and a an abnormality of the right great toe, so only the b right second toe was available for transfer deficiency, congenital constriction ring syndrome, or severe ulnar deficiency, underwent finger reconstruction with 48 toe transfers (33 single second toes, 12 bilateral second toes, 1 combined second-third toes, and 1 great toe). Eleven children born with complete absence of all five digits, due to type IV adactylous symbrachydactyly or transverse deficiency, underwent reconstruction of both a thumb and a finger on the ulnar border of the hand (11 second toes). Forty-four single second toes, 12 bilateral second toes, 1 combined second-third toe transfer, and 1 great toe transfer were performed to reconstruct congenital absent fingers (Table 1 and Fig. 1 ).
Discussion
Gilbert [12, 13] described 17 children with constriction ring syndrome and aplasia who underwent 21 second toe transfers to reconstruct 4 thumbs and 17 fingers. Results were better in constriction ring syndrome compared with aplasia because the structures were normal proximally. The ideal diagnosis was constriction ring syndrome with an intact metacarpophalangeal joint. Lister [10, 20] reported 12 children who underwent second toe transfers to reconstruct congenitally deficient thumbs due to transverse deficiency, constriction ring syndrome, and symbrachydactyly. Shvedovchenko [31] reported 103 toe transfers in 66 children, 49 of whom had ectrodactyly, brachydactyly, adactyly, and hypoplasia. Vilkki [37] performed toe transfers in 30 children with congenital hand anomalies, 14 for aplasia of all four fingers, and 4 for thumb reconstruction. Kay et al. [3, [17] [18] [19] transferred 45 toes for symbrachydactyly, transverse deficiency, complex syndactyly, and constriction ring syndrome. The ideal diagnosis was constriction ring syndrome involving the thumb because structures were normal proximally. The benefits of simultaneous double second toe transfers were emphasized. Foucher et al. [11] performed 65 toe transfers in 58 children for category I (failure of formation), category V (undergrowth), and category VI (constriction ring syndrome) anomalies [33] . Symbrachydactyly was the most common diagnosis (45 children, 51 transfers) and much less frequently, transverse deficiency, IIIB thumb hypoplasia [22] , ulnar deficiency, central deficiency, and macrodactyly. Van Holder et al. [36] reconstructed 14 children with constriction ring syndrome, symbrachydactyly, and transverse deficiency with sequential double second [15] reported 82 toe transfers in 68 children with symbrachydactyly, constriction ring syndrome, and transverse deficiencies and described specific indications for "spare parts" great toe transfers to reconstruct the thumb in children with cleft hand and cleft feet [7] . Harashina et al. [14] described one child and Tu et al. [34] reported 11 children who underwent second toe transfers to reconstruct Blauth types IIIB, IV, and V hypoplastic thumbs [1] because the parents refused pollicization.
Microsurgical reconstruction of congenital hand anomalies remains controversial. Firstly, surgeons may be reluctant to risk the small but potential loss of a toe transfer in a child who is already missing one or more digits in their hands. Secondly, some pediatric hand surgeons still maintain that children with unilateral absence of one of more digits adapt to their impairment as they grow or can be helped with a static or functional prosthesis. Finally, parents may be reluctant to accept a very complicated reconstructive procedure that carries a small risk of ending up with a missing second or great toe as well as more scars on the hand to show for the failed endeavor.
Rather than just showing pre-and postoperative photographs, videos, or moulages, the senior author's practice is to arrange for prospective parents to meet the parents of a child with a similar congenital hand anomaly who has previously undergone a toe transfer, so that the parents can see for themselves the potential function and appearance of the reconstructed hand, as well as speak with the parents about their concerns.
Previous reports of toe transfers for congenital hand anomalies have been based primarily on the embryological diagnoses [33] . However, it is the authors' contention that specific indications for toe transfers are more logically Fig. 6 Because the second and third toes in both feet were affected by the congenital constriction ring syndrome, a a trimmed right great toe transfer was designed for b transfer to the hand Fig. 7 Two years postoperatively, the trimmed right great toe-to-right thumb transfer has comparable appearance to the normal left thumb and excellent opposition to the only normal small finger Fig. 8 Photograph of a 6-month-old baby girl with symbrachydactyly of her right hand, with a normal thumb but absence of all four fingers, represented just by nubbins defined by the morphological or radiographic anatomy of the hand anomaly itself, a concept that is also much more easily understood by referring pediatricians and surgeons. For a child born missing a thumb but with four relatively normal fingers, or missing a thumb as well as the index, middle (and ring) fingers, it is intuitive to reconstruct a thumb to oppose to these fingers. Similarly, for a child missing all four fingers, it is logical to reconstruct one or Fig. 9 Five years postoperative second toe-to-small finger transfer, the child has a excellent grasp between the thumb and second toe transfer into the small finger position and b very precise pinch between the thumb and toe transfer Fig. 10 a Dorsal photograph, b palmar photograph, and c radiograph of a 2-year-old boy with symbrachydactyly affecting his left hand. All five digits are missing from the level of the metacarpal bases Fig. 11 The child underwent staged second toe transfers, firstly into the thumb position and 6 months later into the small finger position. Five years postoperatively, the child demonstrates a excellent ability to pick up small objects by sideto-side pinch between the two second toe transfers and b strong grasp to lift a heavy bottle. c Radiograph showing reconstruction of his left hand with staged sequential second toe transfers into the thumb and small finger positions two fingers to allow pinch and grasp to the more mobile thumb.
Based on this experience of 100 toe transfers, there are three indications for considering microsurgical reconstruction of an absent thumb ( Fig. 1): 1. Isolated absence of the thumb, distal to the metacarpal base with preservation of the carpometacarpal joint and thenar muscles and with four normal or relatively normal fingers (Fig. 2) . Reconstruction of these thumbs with a toe transfer is superior to index finger pollicization, distraction lengthening, or nonvascularized toe phalangeal bone grafting because it provides greater length and growth potential and preserves the full complement of fingers ( Figs. 3 and 4) . Very rarely, a child's thumb can become involved by progressive macrodactyly or a rapidly growing vascular malformation unresponsive to embolization or sclerotherapy. This situation can potentially be salvaged by radical resection of the thumb preserving the carpometacarpal joint and base of the thumb metacarpal and thenar muscles, followed immediately by a second toe transfer [6] . 2. Absence of the thumb as well as the index, middle, and ring fingers, but with one or two fingers remaining on the ulnar side of the hand (Fig. 5) . A second toe can be transferred to reconstruct the absent thumb with minimal donor site morbidity, but the modified "wraparound" [26] or trimmed great toe [35, 38] techniques can occasionally be considered in older children to provide an excellent functional result and a "thumb" very similar in appearance to the contralateral normal thumb ( Figs. 6 and 7) . In unilateral or bilateral cleft hand and cleft foot, an abnormal great toe may occasionally need to be amputated to facilitate shoe fitting and can be transferred to reconstruct an absent thumb [7] , although these abnormal great toes require secondary revision to achieve more normal alignment to the new thumb. 3. Unilateral and extremely rarely bilateral absence of all five digits (Fig. 10 ).
It could be argued that subcategorizing children with just an isolated absent thumb and children with absence of the thumb as well as one, two, or three fingers is not necessary. However, there is a definite subgroup of children who only have an absent thumb and another separate subgroup who have absence of their thumb, index, middle, and ring fingers. Secondly, children with only an absent thumb may be candidates for conventional reconstruction by index finger pollicization or distraction lengthening or microsurgical reconstruction by toe-tothumb transfer, whereas the only option for children missing their thumb, index, middle, and ring fingers is a toe-to-thumb transfer.
Based on this experience of 100 toe transfers, there are two indications for considering toe transfers to reconstruct absent fingers ( Fig. 1): 1. Absence of all four fingers proximal to the base of the middle phalanges, but with a normal thumb ( Fig. 8 ).
Microsurgical reconstruction of at least one finger against which the thumb can oppose to may be accomplished by a single second toe transfer into the ring or small finger position to allow both pinch and grasp ( Fig. 9 ). Alternatively, two second toes can be transferred, either simultaneously or sequentially, into the middle and small finger positions to allow three-point pinch. Occasionally, combined second and third toes can be transferred into the middle-ring or ring-small finger positions. 2. Complete absence of all five digits ( Fig. 10) can be reconstructed using two second toe transfers into the thumb and ring or small finger positions. This can be performed simultaneously, but is probably better performed sequentially, so that positioning of the second transfer into a finger position can be adjusted to the position and mobility of the first toe transfer into the thumb position ( Fig. 11) .
Even though the external morphological appearance and a plain radiograph of the hand are reliable indications for consideration of a toe-to-hand transfer, they do not imply availability of internal recipient structures. Several authors [12, 13, 17, 18] have observed that tendons and nerves are more likely to be normal proximal to a constriction ring compared with symbrachydactyly, and this has been confirmed in this series. However, with increasing experience, the lack of suitable recipient tendons and nerves, which may be encountered in symbrachydactyly, can be circumvented by using tendon grafts or tendon transfers and nerve grafts or nerve transfers.
Microsurgical toe transfers for reconstruction of congenital hand anomalies will hopefully become accepted into the armamentarium of pediatric hand surgeons, although it requires a very high level of microsurgical skill by the surgeon and the ultimate trust of the parents. The optimal age for toe transfers remains unknown, but most experienced surgeons believe toe transfers between 2 and 3 years of age have the best cortical integration, although transfers have been successfully reported in older children [32] . It is very difficult to prove conclusively that microsurgical reconstruction is superior to either no surgical intervention or conventional reconstruction, but a child able to write his/her name for the first time, or pick up a cup singlehandedly, or ride a bicycle provides far greater confirmation than the most sophisticated outcome instruments. Parental assessment of their children's functional outcomes and even the child's own assessment is the subject of a future publication.
